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applications. 


Emission of thermal radiation from a surface can be controlled spectrally and spatially, and the polariza- 
tion and coherence of the radiation field can be modified. Of the various methods available for altering 
the radiation properties from a surface, paint and coatings possess a clear advantage regarding the cost, 
ease of application and simplicity. In this paper, we comprehensively review the capabilities of paint 
and coating technologies for emission control and for possible new energy-related applications. We also 
present an overview of the involved theories, common design and fabrication methods and possible 
future research opportunities to optimize these paints and coatings for spectral selectivity for specific 
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1. Introduction 


Control of thermal emission from surfaces to suit different 
requirements is very important in many applications, including 
energy conversion and micro-nano technologies. Radiation from 
a surface can be controlled spectrally and spatially, and the polar- 
ization and coherence of the radiation field can be modified. There 
are a number of methods, from commercially available paints to 
advanced surface gratings, which can modify the thermal emis- 
sion from a surface. These methods have their own capabilities and 
limitations and can be used for a variety of applications. We have 
comprehensively reviewed these methods regarding the emission 
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control capabilities and the range of possible applications. For each 
method an overview of the applicable theories and common design 
and fabrication methods are presented in this and a companion 
paper. In this paper, we focus on paints and coatings, which are 
different from other methods in a number of ways, such as, lim- 
itations of spectral control, involved technologies, economics and 
possible applications. In the following paper we will review more 
advanced types of thermal emission controlling mechanisms, such 
as, surface plasmon gratings and other photonic structures. Nei- 
ther spatial directivity nor polarization can be controlled by paints 
or coatings alone. Paints and coatings are used to control the emis- 
sion spectrally in a number of applications, however, only a limited 
spectral control is possible. All the past attempts to alter the sur- 
face radiation using paints and coatings are application-oriented. 
All the experimental procedures and the theoretical developments 
are targeted toward these well-established applications. Therefore 
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it is hard to find any general criteria such as those available for mul- 
tilayer thin films and, 1D and 2D photonic structures, to develop a 
paint or coating for a new application. 

The composition of the paper is as follows. First we summa- 
rize all the important past efforts to do spectral control of emission 
using paints and coatings separately, followed by a description of 
potential new applications of paint and coatings including some 
useful references for the material properties data, which are vital 
when designing a new paint or coating. Then we present a theoret- 
ical background related to spectrally selective paints and coatings 
followed by a discussion on the limitations and constraints of these 
selective layers to achieve their respective tasks. Next we set up 
a general method to form spectral selective paints and coatings 
for custom requirements. Finally we discuss present and possible 
future research opportunities to optimize these coatings for spec- 
tral selectivity for specific applications. This review covers only the 
aspects related to optics and spectral selectivity. For other aspects, 
such as, environmental issues, esthetic appearance and manufac- 
turing, Refs. [1,2] provide an overview. 


2. Paints and coatings: an overview 


In the paint industry the term “paint” is used for its liquid phase 
and once it is applied to a surface it is called a “coating”. But in the 
field of spectral selective coatings, “paint” is generally considered 
as a type of coating; here we review “paint coatings” separately 
because of some attractive features such as ease of processing, low 
cost, ease of field maintenance, and commercial availability. Solar 
thermal conversion is the number one application of a spectrally 
selective paint or a coating, followed by radiative cooling. In solar 
thermal conversion, the aim is to maximize the solar absorption, 
i.e. maximize the absorptivity of wavelengths less than 3 um and 
minimize the infrared emissivity of the wavelengths 3 um or higher 
[3]. For the radiative cooling application, the complete opposite is 
desirable. With the oil-crisis in the early 1970s, research on tech- 
niques for optimizing solar energy usage got a kick-start including 
solar thermal conversion and radiative cooling. The research in 
these applications peaked in the early 1980s when a large num- 
ber of research papers were published. Many good reviews [4,5] on 
paints and coatings for solar thermal applications were published 
in the early 1980s. A bibliography of the publications on selective 
paints from 1955 to 1981 can be found in [6]. Paints and coatings are 
also used in military applications such as camouflage techniques 
[7] and to change the infrared frequencies to interrupt radar detec- 
tion [8]. Here the wavelength range of interest is 0.7-2.5 wm. In 
addition, these selective layers are used as a way of protecting the 
surfaces from high temperature sources, such as fire [9,10], where 
the requirement is to have high reflectance in the range of 1-9 um. 


2.1. Paints 


Generally, paint is a dispersion of solid particles called “pig- 
ments” suspended in an organic medium called “resin.” Pigments 
are tiny insoluble particles included into the paint mainly to con- 
tribute color by absorption and reflection of light [11]. Resin is a 
macromolecular film forming agent that is either dissolved or dis- 
persed in a solvent [12]. A majority of resins are organic silicones, 
which possess strong absorption bands in the middle infrared 
regions. Some common resins that are used are polyethylene [13], 
polyester [14], and propylene [15]. Paints can be applied by sim- 
ple techniques such as roll coating also known as coil coating [16], 
dip coating [17], spin coating [18], and spray coating [19] or even 
by brush coating [20]. Thickness variations and surface roughness 
depend on these application techniques. Coil coating is the pre- 
ferred coating process and it is described in many publications 


[21,22]. The solar absorptance and thermal emittance are higher 
in coil-coated layers than other common types, such as, sprayed 
layers due to the varying thickness and surface roughness. 

Particle (pigment) size [23,24], volume concentration of pig- 
ments [25], the state of pigment dispersion [24], thickness of the 
paint layer [25-27] and paint application techniques influence the 
performance of spectral selective surfaces. Optimum particle size 
for a given optical property is a function of paint thickness and par- 
ticle volume concentration [23]. Agglomeration and aggregation of 
large pigment particles make the dispersion process seldom perfect 
in actual paints, and thus change the anticipated optical properties 
[28]. 

Most of the pigments are complex metal oxide and semicon- 
ductors. Many types of pigments, carbon [29], FeO, [30], melanin 
[31], Zn powder [32], silicon [28,33], PbS [34] organic soot (Degussa 
FW2) [35,36] are used in spectrally selective paints. TiO, (rutile 
titania) pigmented paints are the best for radiative cooling appli- 
cations [37]. Opacity of these pigments is well discussed in [38]. 
Rutile titania pigments [39,40] hosted in polymer matrix are used 
in many selective paints for radiative cooling. FeMnOy, is the best 
paint pigment so far for solar thermal applications [41]. The higher 
absorption of these pigments in the solar spectrum makes them 
suitable for thermal applications. 

Basically two types of spectrally selective paints are discussed 
in the literature, based on the effect of paint thickness on the 
performance. They are “thickness sensitive spectrally selective” 
(TSSS) [42,43] and “thickness insensitive spectrally selective” (TISS) 
[44,45] paints. TSSS are the common types that currently dominate 
the market. These types of paints are incorporated with so-called 
“tandem structures”. The TSSS paint forms the top layer of these 
two-layer structures while an infrared reflective metal surface 
accounts for the bottom. Solariselect-Z™ is a common commer- 
cially available TSSS paint for solar thermal applications with solar 
absorptance of 0.92 [46]. Various types of TISS paints are also well 
documented in the literature [47-49]. The infrared emissivity prop- 
erties of the pigments are adequately used for these types of paints, 
as there is no reflective bottom surface. 


2.1.1. Selective paints: present status 

There are some intrinsic problems and limitations in achieving 
the ideal spectrally selective ranges, such as for solar thermal con- 
version. One is that in actual paint systems the dispersion process is 
not perfect. The state of dispersion depends upon the pigment par- 
ticle size distribution and the particle size. The degree of pigment 
dispersion affects the optical and rheological properties of a paint 
system. Pigment particles appear in larger aggregates, agglomer- 
ates or flocculates of different sizes and shapes rather than in single 
discrete crystals. However there are newer technologies such as the 
supercritical fluid (SCF) technology [50,51] which present a new 
and interesting route for particle formation, avoiding most of the 
drawbacks of the traditional methods. Supercritical processes give 
micro- or even nanoparticles with narrow size distribution. Also 
the paint application techniques are not perfect. More advanced 
and more expensive paint application techniques could narrow the 
gap between the practical and ideal. There are a few commercially 
available thickness-sensitive spectral selective (TSSS) paints today. 
These paints can achieve solar absorptance of 0.94 and minimize 
the thermal emittance to 0.15 [52]. The question is whether the 
higher cost involved in the newer pigmentation technologies and 
advanced application techniques can be compensated by the out- 
put of these systems. The answer depends on many factors but in 
general, it tends to be more on the negative side. Considering the 
economical and esthetic aspects as well, it can be said that spec- 
trally selective paints are nearly optimized. There is a great need to 
reduce or even completely eliminate the need for thickness control 
of paint coatings. This would give paint coatings wider versatility 
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for industrial and residential applications. The common method is 
to incorporate highly refractive metal particles in the paint system 
[53]. Previous research has been done on this subject, but none of 
them have resulted in successful thickness-sensitive paint. 


2.2. Coatings 


A variety of materials and composites can be exploited as spec- 
trally selective coatings depending on the application. Oxide and 
sulfide layers were the first selective surfaces used in copper-based 
solar thermal systems [49]. Most metal films show high reflectance 
in the infrared region and semi-transparence in the visible region. 
Free electron metals such as Cu, Ag, Au show the best selective 
properties. These metals normally have very low emittance val- 
ues around 0.02-0.04. Emissivity and reflectivity of most metals 
can be found in Refs. [54-56]. Also some inorganic compounds 
or metal/dielectric composites can be used as coatings for various 
applications. Cr-Cr203 known as black chrome [57] and Ni-Zn-S 
known as black nickel [58] are the inorganic materials used in the 
solar thermal industry. Thin coatings (less than 1 um) of oxides, 
nitrides, oxinitrides and sulfides of Si can be used as selective 
infrared emitters [59]. Inorganic coatings of SiO [60], Si3N4 [61] 
and polymer coatings [62] are also suitable for high infrared emit- 
ting applications. Also semiconductors and doped semiconductors 
are intrinsically spectrally selective. They allow frequencies that are 
lower than their band gaps to pass, and absorb others. In the solar 
thermal industry semiconductor/metal tandems [63,64] are used 
for selective absorption in the solar spectrum. Cermets, which are 
formed by fine-grained mixtures of metallic and insulating compo- 
nents, can be used effectively for spectral emittance [65]. 

Selective coatings can be applied to a surface using a large 
number of techniques. Electroplating is one of the simplest coat- 
ing techniques employed by the solar thermal industry for over 
50 years. Chemical conversion [66], spray pyrolysis [67], vacuum 
deposition [68], and chemical vapor deposition [69] are the other 
common coating techniques. 


3. Potential applications 


One of the potential applications of the spectrally selective 
paints and coatings is to use high grade (high temperature) waste 
heat to produce electricity by means of infrared sensitive photo- 
voltaic cells such as GaSb. This is a fairly new application of the 
thermophotovoltaic concept. The furnace exhaust temperatures in 
the glass, metal casting and steel industries are high enough for 
this application [70]. In fact this method can be used wherever fuel 
combustion occurs [71]. But the efficiency of the systems is low (1%) 
due to pragmatic problems, which hinder the optimal positioning 
of the photocell relative to the heat source. The shapes of these 
waste heat sources are quite arbitrary and the radiation intensities 
fluctuate both temporally and spatially. If the heat source and the 
system (photocell with selective emitter) are optimally positioned, 
then it is claimed to achieve efficiency of up to 70% [72]. One way to 
achieve this optimal positioning is by making the shape of the pho- 
tovoltaic panels in harmony with the shape of the heat source [72]. 
But needless to say manufacturing of such random panel shapes 
would be expensive. 

One cost effective method to increase the efficiency of these sys- 
tems, might be to employ a spectrally selective paint on the interior 
of a fabricated enclosure which includes the heat source and photo 
cell. The fabricated enclosure could be any irregular shape depend- 
ing on the space available. The paint could be designed to have 
either a high emissivity or reflectivity within the required spectral 
range depending on the on-site factors. A possible paint surface 
with high emissivity could absorb the energy from the heat source 


and emit the radiation toward the photocell, and a paint surface 
with a high reflectivity could reflect the radiation from the source 
toward the photocells. 

In some applications, the spectrally selective paint with high 
emissivity may have to withstand temperatures as high as 1300°C. 
At present high temperature paints are used in applications, such 
as, thermal protection of reusable space transportation systems 
during atmospheric reentry [73], and high temperature coatings 
are used in applications such as gas turbines and super heaters 
[74]. Rolls-Royce has developed paints for gas turbine engines that 
can withstand temperatures up to 1330°C, and these paints are 
commercially available [75]. The main problem in developing a 
spectrally selective paint for high temperature applications is the 
selection of a pigment material. Carbon-based materials such as 
SiC are generally approved for these types of applications but these 
materials are prone to oxidation particularly at high temperatures. 
Although the oxidation can be prevented by applying an oxida- 
tion resistant coating it could well affect the spectral selectivity of 
the paint system. Also at these high temperatures chemical reac- 
tions could occur within the paint systems and such reactions could 
change the chemical composition leading to variations in the spec- 
tral as well as total emissivity [73]. So the paint or coating systems 
need to have chemical stability. 

As described in the next sections it is not yet possible for 
paint coatings to emit as effectively in a narrow band spectrum 
as plasmon emitters and multilayer photonic emitters. However a 
reasonable selectivity could be gained to increase the efficiency of a 
thermophotovoltaic system considerably. The challenge is to make 
the paint less expensive so that it could be applied to a larger area 
enclosing the heat source and the photocell. 


3.1. Absorption properties of selected materials 


All most all the energy related applications of selective paints 
and coatings desire a high emittance at a particular frequency or 
within a particular frequency range. According to Kirchhoffs Law 
emissivity equals the absorptivity at a given frequency. Therefore 
we compiled the pigments (Table 1), resins (Table 2), and solvents 
(Table 3) with high absorption peak or high absorption frequency 
range that can be used to formulate paints with desired selective 
emittance. Also we tabulated selected paints (Table 4) and coatings 
(Table 5), which have high absorption at a particular frequency or 
within a frequency range. 


4. Theoretical background 


A good understanding of the appropriate theories for different 
applications is a prerequisite for designing and optimizing selective 
coatings. Theoretically, finding the reflectance of the coating in the 
interested frequency range is what is required by coating designers. 
In general, coatings are applied to surfaces in which transparency 
can be taken as zero. Therefore the absorptivity can be directly 
calculated, which according to the Kirchhoffs law is equal to the 
emissivity for a given frequency. Scattering of the radiation from 
the constituent particles is the most complicated phenomenon that 
occurs in a medium, which affects its optical properties. There- 
fore, if a medium has negligible scattering for a particular wave 
range, its optical properties can be calculated with ease. In a het- 
erogeneous medium, where all the elemental particles are much 
smaller than the wavelength of interest, the scattering amplitude 
in the direction of an incoming beam can be neglected. At such a 
state the “effective medium theory” (EMT) can be used to calcu- 
late properties, such as, effective complex dielectric function of the 
composite medium from the known properties of the constituents. 
The Maxwell-Garnett theory and Bruggemann theory are the most 
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Table 1 Table 2 
Pigments with high absorption peak(s) or range. [56,76,77]. Resins with high absorption peak(s) [77]. 
Pigments Peak absorptance wave Resin Peak absorptance Wave 
length(s) (um) length(s) (wm) 
Aluminum silicates 7.7 Poly(acrylamide) 6 
Calcium carbonate 6.7 Polyacrylic acid 5.8 
Calcium phosphosilicate 9.5 Methyl methacrylate (acryloid) 5.8 
Calcium borosilicate 9.8 Acrylic copolymer 5.8 
Sodium silicates 10 Acrylate homopolymer 5.8 
Sodium sulfate 8.8 Poly(lauryl methacrylate) 3.4 
Calcite 7 Polymethacrylic 5.9 
Cobalt aluminate 15.4 Alkyd 5.8 
Fe203 17.5, 25 Cellulose acetate butyrate 5.7, 8.6 
Zinc chromate 2.9, 11.1 Cellulose acetate 5.781 
Asbestos 10.4 Methyl cellulose 9.3 
Cu, Cr (Black) 16.4, 19.2 Nitrocellulose 6, 7.8 
Nichem 2.9, 6.2, 11.8 Tetrafunctional epoxy resin 6.6 
TiO2 0.35 Epoxy novolac 6.6, 8.1 
Polyglycol epoxy 9.1 
Pigments High absorptance wave Butyl glycidyl either epoxy 3.3, 8.9 
length range (jm) Epoxy ester 3.4, 6.6 
7 Amine based epoxy resin 6.6 
Magnetite 2.5-4.45 Hydanation epoxy resin 5.8 
Cu, Cr (Black) 0.5-2.5 Brominated bisphenol 3.4, 6.6, 8 
Zn 2.5-10.5 Novolac epoxy 3.4, 6.8, 8.2, 9.8 
FeMnCuO, 1-0.2 Bisphenol 6.6, 8 
Aluminum nitride 8-10 Hexamethoxymethyl melamine 3.4, 6.4, 9.2 
Beryllium oxide 7-8 Methylated melamine formaldehyde 6.5 
Boron nitride 4-6,9-20 Methylol melamine 6.5 
Calcium silicate 5-12 Metal salt of resin acids 3.4, 6.3 
Aluminum oxide 7-12 Polymerized resin 3.4, 5.8 
InSb 100-130 Polyamide resin 3.4,6 
PbSe 30-50 Isophthalate polyester 5.8, 8 
Magnesium carbonate 7-13 Polyester polymers 5.8, 7.8 
MoSiz 1-8 Polyethylene glycol 3.4, 8.9 
3Al203-2Si02 5-15 Methyl vinyl ether 5.6 
NiO 8-15 Polyvinyl ethers 3.3, 9.3 
Mgo 8-15 Polyglycol 2.9, 3.5, 8.9 
SiO2 5-15 polyethylenimines 3.4, 8.7 
Sis N4 4-15 Polyurethane polymers 3.3, 4.5, 5.7, 8.2 
ZnS 20-24 Silicone 9.1 
TaN 0.4-1 Dimethyl polysiloxane 7.9, 9.5, 12.5 
Te02 8-15 Sodium methyl! siliconate 8.9 
Ticl 20-50 Methyl phenyl polysiloxane 7.9, 9.5, 12.5 
ZrB2 0.4-0.5 Polyvinyl butyral 3.4, 8.8, 10 
ZrN 0.4-0.6 Polyvinyl alcohol 3.4, 8.8, 10 
Z102 8-15 Polystyrene 14.3 
Z1Si04 6-15 Polyvinyl acetate 5.7, 8.1 
Polypropylene 3.4 
Polyisobutylene 3.4 
Vinyl acetate homopolymer 5.7, 8.1 
` . . Vinyl chloride homopolymer 3.4,7,7.9 
commonly used effective medium theories [79]. These two theo- : i 
. : K i . Ammonium polyacrylate 5.8 
ries are different regarding the considered type of microstructure. Chlorinated polypropylene 13.7 


The Maxwell-Garnett approach deals with a separated grain struc- 
ture (Fig. 1) in which particles of one material are dispersed in a 
continuous host of another material while the Bruggemann theory 
deals with an aggregate structure being a space filled with a random 


Fig. 1. Separated-grain structure. 


Polyphenoxy phosphazene 6.7, 8.3, 10.5 


mixture of the two constituents (Fig. 2). In the Maxwell-Garnett 
approach, the effective dielectric function is given by 


€A+2¢€B+ 2f(eA- eB) - 
cA+2eB-f(€A-— €B) 


eMG = (1) 
where EA, eB are the dielectric functions of the host material and 
embedded particles, respectively. fis the filling factor. This theory 
has been widely used to interpret the experimental data on opti- 
cal properties of various systems including metallic, dielectric and 
semiconducting particles. In the Bruggemann theory the effective 
dielectric constant eBr is given by 


e€A— eBr e-f) eB-— eBr 
cA+2eBr ` eB+2eBr 


The derivation of these two theories can be found in [80] 
and [81], respectively. The validity and limitations of these two 
approaches are discussed in many publications. Maximum size 
limit is the major limitation of these theories. But a slight violation 


f (2) 
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Table 3 
Solvents with high absorptance peak(s) [77]. 


Solvent Peak absorptance Wave 
length(s) (wm) 

Benzyl alcohol 3, 6.9, 9.1, 13.7 

Butanol 3, 3.3, 7.4, 8.2, 10.9 

Diacetone alcohol 5.9 

Ethanol 3, 3.3,9.5 

Isobutanol 3, 3.3, 9.5 

Methanol 3,9.5 

Ethyl acetate 5.7,8 

Ethyl isobutyrate 5.7,8 

Methyl amyl acetate 3.3, 5.7, 8 

Cyclohexane 3.4 

N-Pentane 3.4 

Benzene 3.3, 6.8, 14.5 

Carbon tetrachloride 12.8 

Chloroform 8.2, 13.3 

Perchloroethylene 11 

Tetrachloroethane 8.3, 12.5, 13.3, 18.2 

Trichlorobenzene 6.9, 9.2 

Trichloroethane 9.3, 14.1 

Dipentene 3.4, 6.9, 11.4 

Turpentine 3.4 

Tripolene 3.4 

Acetone 5.8, 8.2 

Pentoxone 3.3, 8.2, 7.4, 9.3 

Propylene carbonate 5.6, 8.4, 9.5 


Ay 


Fig. 2. Aggregate structure. 


of the maximum size limits does not necessarily imply a collapse 
of the effective medium concept; extended theories [82-84] have 
been formulated to deal with such situations. Another assumption 
is that the inhomogeneous composite should possess macroscopic 
uniformity on a scale comparable with the wavelength range. Also 
it must be highlighted that these approaches are insufficient in 
frequencies close to the resonance frequencies of the dielectric 
constant of the small particles. 
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In heterogeneous structures where particle sizes are in the 
order of, or larger than the incident wavelengths, scattering plays a 
significant role and cannot be neglected. Multiple light scatter- 
ing from such structures such as pigment particles dispersed in 
paint, paper, and polymer foils, can only be described precisely 
by radiative transfer theory or accurate Monte-Carlo simulations 
[85]. Rigorous solutions for the radiative transfer models often 
require numerical implementation. Finite volume method is the 
most used numerical technique for paint applications [86]. Approx- 
imate approaches are based on the concept of radiation exchange 
between different directions or “flux-channels” defined in the coat- 
ing. “N flux model” is the most common radiative transfer model 
where the number of channels N can be selected depending on the 
required accuracy. Simple models with low number of channels 
are shown to be accurate for many numbers of applications. The 
Kubelka—Munk (KM) model which is almost universally used for 
multiple scattering applications, such as in paint films, represents a 
special case of N flux theories with N= 2. Because of the wide usage 
of this model in the paint and coating industry, as well as other 
industries such as paper, pigmented polymers, thermal insulations, 
dental composite resins and even in biological systems, and also for 
its simplicity and sufficient accuracy, a general description is pre- 
sented below. In this model it is assumed that the radiation field 
inside the film consists of two isotropic diffuse fluxes, i.e. diffuse 
flux in the forward direction and reverse direction. The intensities 
of these fluxes can be coupled according to the radiative transfer 
differential equations. The KM theory provides a solution for this 
set of two equations to find out the diffuse reflectance from the 
film. It is given by 


1—Rgla—b coth(bSh)] 


Rkm = any cothbSh)— Rg (3) 
where 

S+K 
t= (4) 


b=Va-1 (5) 


Rg - diffuse reflectance of backing substrate; h — film thickness. 
The coefficient K determines the attenuation of diffuse fluxes 
resulting from absorption, and the coefficient S describes the net 
scattering of fluxes. More detailed derivation of this theory can 
be found in [87]. The derivation of the theory makes several 
assumptions for simplicity, hence has some limitations. The major 
assumption in this theory is that there are sufficient scattering par- 
ticles in the film to diffuse the radiation completely, resulting in 
isotropic scattering. These types of “diffusion models” are good 
enough for applications in optically thick materials in which multi- 
ple scattering effects lead to isotropic distribution of the scattered 
radiation [88]; those assumptions limit the effective applicability 
to highly scattering and weakly absorbing coatings. Although the 
film is assumed to have plain parallel surfaces, in reality, surface 


Table 4 
Some selected paints with high absorptance peak(s) or range [78]. 
Paint Peak absorptance wave length (jm) Absorptivity 
Antimony trioxide in potassium silicate binder 0.3 0.9 
CaF, in sodium silicate binder (exposed to ultraviolet radiation) 0.3 0.8 
Sodium aluminum silicate in sodium silicate binder (exposed to nuclear radiation) 0.4 0.9 
TiO? in silicone resin binder 0.4 0.9 
CeO, in barium beryllium silicate 9,15 0.98 
Paint High absorptance wave length range (wm) Absorptivity 
Carbon (Lammblack) pigments in epoxy binder 0.2-40 0.9 
Fe3Q, in silicone binder 6-20 0.9 
ZnO in potassium silicate binder 0.2-0.4 0.95 
Zinc sulfide in sodium silicate binder 0.2-0.3 0.9 
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Table 5 
Some selected coatings with high absorptance peak(s) or range [78]. 
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Coating 


Peak absorptance wave length (pm) Absorptivity 


50% Co, 50% W on sandblasted substrate, heated to 1000 K 
Al20; (0.4mm thick) on roughened stainless steel substrate 
BaO.TiOz powder (0.127 mm thick) on Zr alloy substrate 
BAC on inconel sandblasted substarte heated to 1000 K 
Pyrolytic graphite, vapor deposited at 2400 K 

TiO2, (0.064 mm thick) on niobium substrate 

Zirconium oxide on sandblasted inconel substrate 
ZrO2-SiO2 (0.1 mm thick) on Nb, Zr alloy substrate 
Anodized Al (2 wm thick) sulfuric acid anodized 

NiCrO, on stainless steel substrate 

Si3N4 on Al substrate 

Fe203 on stainless steel substrate 

Cr203 on stainless steel substrate 

CuO on stainless steel substrate 

PbS on silver substrate 


High absorptance wave length range (pm) 


2 0.85 
9.5 0.98 
115 0.98 
5.10 0.99 
15 0.83 
0.7 0.95 
12 0.95 
8 0.95 
11 0.8 
0.8 0.95 
10 0.95 
0.8 0.98 
0.8 0.85 
0.8 0.95 
0.8 0.95 


Coating 
Calcium titanate (0.09 mm thick) on rough niobium substrate 2-13 
85% Cr203, 10% SiO2 on mild steel substrate 2-14 
Fe203 (0.03 mm thick) 3-21 
Iron, titanium, aluminum oxide (0.1 mm thick) on Nb, Zr alloy substrate 1.5-13 
Mg0-Al2 03, (0.13 mm thick) on Nb, Zr alloy substrate 6-12 
KBr (7.5 wm thick) platinum substrate 104-108 
Silicon carbide on aluminum oxide substrate (at 1000 K) 2-10 
Strontium titanate (0.1 mm thick), on Nb, Zr alloy substrate at 1000 K 1.5-13 
Armco blackened steel at 500 K 2-6 
Oxidized stainless steel at 1200 K 2-15 
Siliconized graphite 0.5-5 
Silicon diffusion coating on molybdenum 2-10 
Pack cementation (60% Al203, 40% Al) coating on niobium substrate 2-7.5 
Co-Al20; on Al, Ni substrates 0.5-1 
Oxidized surfaces 
Copper-aluminum alloy 0.3-0.7 
Iron 0.3-2.7 
Nickel 0.3-0.8 
Nickel-chromium-iron alloy 0.3-1.4 
Nickel molybdinum-iron alloy 0.3-2.4 
Titanium 0.2-0.7 


0.9 


roughness is unavoidable. The KM coefficients K and S are empir- 
ically introduced in the theory and are usually determined from 
the measured diffuse reflectance by a curve fitting method. More 
recently, the Mie scattering [87] theory has been used to evaluate 
these coefficients with a reasonable accuracy. Using the Mie theory, 
the absorption and scattering parameters can be calculated from 
fundamental optical and morphological characteristics of particles. 
Various relations are suggested between calculated Mie coefficients 
and KM coefficients [89]. Application of KM or even rigorous radia- 
tive transfer theory requires correction for the surface reflection 
due to the refractive index change between the incoming wave 
media and the scattering media. For this reason KM models with 
corrections for surface reflections [90] are used. A more rigorous 
“four-flux” theory first introduced by Maheu et al. [91] considers 
four light traveling paths: diffuse up, diffuse down, directional up 
and directional down. These theories have been well-established in 
the selective paint industry since the late 1970s and were reported 
even 50 years ago. But today with the advancements in computer 
capabilities and simulation programs more rigorous calculations 
can be done in a short-time. 


5. A brief criterion for selective paint formation 


Spectrally controlling thermal emission has many advantages. 
Here a brief criterion is presented to design paint coatings for a 
given range of the spectrum. As the difficulties of producing narrow 
band selectivity are explained in another section here we con- 
sider only the relatively broader selectivity comparable for that 
required in solar thermal, and radiative cooling applications. Paint 


represents a complex multicomponent system. In most cases, the 
individual components, i.e. binder, solvent and pigment, are also 
of complex combination. The optical performance of a coating 
depends upon the properties of the substrate: paint layer thick- 
ness; complex refractive index of the matrix (resin); properties of 
scattering particles; complex refractive index; average size; vol- 
ume fraction; degree of dispersion; and distribution across the layer 
[92]. Therefore the inverse calculation, i.e. finding the combination 
of pigments and pigment sizes for a given selective emission by cal- 
culation is almost impossible. However, there is a vast literature on 
spectral selectivity for many applications, such as camouflage coat- 
ings, fire protection coatings, and solar thermal applications, which 
represent a wide span of frequency range. Therefore it is possible 
to acquire much vital information such as pigment types and resin 
types to start designing paint with a custom selectivity. The most 
important factor is the composition of the constituents. Also it is 
essential to think about the method of application and the distri- 
bution of particles in the final dry coating, which strongly defines 
the final optical properties. 

If paint is always applied on the same substrate then the opti- 
cal properties of this substrate can be effectively used to obtain 
the required selectivity by combining the optical properties of the 
paint layer with those of the substrate. This is the method used in 
TSSS paints. On the other hand, if paint is to be applied on different 
types of surfaces then the paint layer must provide the required 
selectivity by itself and should avoid any “see through” effect of the 
substrate. These types of paints can be applied not only on any type 
of substrate but also on any arbitrarily shaped object, as there is no 
need for controlling the thickness as in the TSSS paints. 
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To determine the type of pigments and resins to start with, the 
following approximate procedure can be applied. For the frequency 
range in which high reflectivity is desired, the scattering coefficient 
of the paint should high. The scattering coefficient depends on the 
mutual effect of the optical properties of the constituents of paint 
film and it can be taken approximately as the ratio of the refractive 
indices of the pigment and the resin. The absorption of the paint 
layer largely depends on the intrinsic absorptivity of the pigment 
type. That means within the frequency range in which high reflec- 
tivity is desired, the imaginary (absorptive) part of the refractive 
index of the pigment should have a small value, and if high absorp- 
tivity or emissivity is preferred for some other frequency range, 
the pigment(s) should possess high absorption for that particular 
range. To achieve the selectivity between different spectral ranges 
it may be required to use a second pigment type as an extended 
pigment or filler but the incorporation of additional constituents 
always complicates the process and therefore should be avoided. 
Also pigments can be tailor-made to provide the required selective 
properties. One such pigment used in solar thermal applications 
is prepared by coating a thin layer of an appropriate black oxide 
to a highly reflecting metallic particle so that the combined pig- 
ment characterizes an absorber/reflector tandem as in TSSS paints. 
Although the absorption by the binder or resin could be neglected 
at the initial lay-out of the design most organic resins exhibit some 
absorption in the mid infrared range. A qualitative discussion on 
this issue can be found in [93]. 

Possible combinations of pigment types and resins can be found 
in the literature for the desired range of frequencies considering the 
above scenarios. The number of possible pigment types and resins 
can be further reduced by screening with respect to the environ- 
mental issues, durability, stability, and chalking effect. 

Once possible types of pigments are identified, the size(s) of pig- 
ments can be calculated from the following approximate method. 
For a fixed value of scattering power “m” the wave length A that is 
most efficiently scattered by a particle of diameter “d” is given by 
[94]. 


rah (6) 
In which 

0.9(m? + 2) 

ngt(m2 — 1) =e (7) 


where n is the refractive index of the resin. 

Using these equations, the particle diameter d that could effec- 
tively scatter the mean of the desired frequency range can be 
calculated. It is important to note that this should be the diame- 
ter of the particles in the paint system, which might be different 
from the sizes of the commercially available particles due to the 
aggregates and agglomerates that are always present in the paint 
system. The sizes of these agglomerate particles can be reduced by 
paint dispersion techniques such as mechanical milling, but these 
processes are highly energy Intensive. 

After gathering the required information such as resin types, 
pigment types and their sizes, a more rigorous calculation method 
can be used to optimize these parameters and to find other 
important parameters. With the advancement in the computer 
simulation, it is quite possible to model a detailed description of 
the potential paint layer with all the vital parameters. Optimiz- 
ing the parameters by doing a complex and realistic calculation at 
this stage will reduce the number of costly repetitions at the test- 
ing stage, thereby reducing the overall cost involved in the paint 
development phase. Even though it is hard to include the effects 
of shapes and orientation of the agglomerate particles, there are 
some attempts [95] to find the light scattering properties of rutile 
particles with different characteristic morphological shapes using 


the finite-element method. Depending on the simulation results, 
parameters can be optimized using an iterative method. Changing 
the simulation parameters, such as, particle sizes and pigment-to- 
volume concentration (PVC) is vital and saves time. When PVC and 
thickness of the layer increases, the absorption coefficient and scat- 
tering coefficient values are normally expected to be higher because 
of the availability of more particles in which absorption and scat- 
tering can take place. When the mean particle size of the pigment 
accumulation increases, the longer radiation tends to scatter more 
effectively. Deviations from these scenarios are quite possible due 
to the high complexity of paint constituents. 

After optimizing all the important parameters the paint should 
be formed and tested. The particle size is important for the opti- 
cal properties and in general particle sizes in frequency-selective 
paints are larger than in normal commercial paints. In practice the 
dispersion will not be perfect and standard deviation of particle 
sizes could be different than anticipated. So there is no substitute 
for experiments and testing to find out the real picture. Determining 
the degree of dispersion in the dry paint film is vital for improve- 
ments. There are many techniques, such as, electron microscopy, 
light scattering method and flocculation gradient to find the degree 
of dispersion [96]. Based on the experimental results the parame- 
ters could be changed to obtain the desired selectivity as closely as 
possible. Optimization largely depends on how well the parameters 
can be controlled in the experiment. 


6. Narrow spectral selectivity 


As discussed in the previous sections most conventional applica- 
tions require a wider spectral selectivity as compared to the newer 
applications, such as thermophotovoltaic which requires a sharp 
emissive peak at a particular frequency for maximum energy con- 
version. In conventional applications, such as solar thermal and 
radiative cooling, the spectral selectivity of paints and coatings has 
been achieved close to the ideal because of intensive research done 
over the last 50 years. However, achieving a narrow band spec- 
tral selectivity by paints or coatings is still a challenge. Achieving 
the required selectivity using paint or coatings would have a huge 
impact due to their cost effectiveness and ease of application, com- 
pared to other available technologies for narrow band selectivity. 
Here we discuss recent efforts to achieve narrow band selectivity, 
the current challenges and the possible directions of research that 
should be taken. 

As discussed in the theoretical section, to change the spectral 
reflectance or emission and to obtain the required selectivity, the 
optical properties of the paints or coatings must be modified. The 
most important optical properties to achieve this task are absorp- 
tion coefficient, scattering coefficient and in some cases, where 
interference is employed for selectivity, the refractive index. To 
use a narrower selectivity using the scattering effect, the paint or 
coating should have a scattering coefficient that has a peak or min- 
ima depending on the application with respect to the frequency 
in the vicinity of the targeted frequency. The scattering of visible 
and infrared radiation by a pigment is approximately a linear func- 
tion of the difference between the refractive indices of the pigment 
and the resin. So, to have the required selectivity, the difference of 
refractive indices should have a maxima or minima with respect 
to the frequency. It is hard to find materials with such characteris- 
tics in nature, but there is a possibility to create such matter with 
the help of nanotechnology. A separate discussion on nano par- 
ticles and nano technology is given in the next paragraph. For a 
fixed value of scattering power “m” the wave length A that is most 
efficiently scattered by a particle of diameter “d” is given by Eq. (6). 

The scattering power m of a pigment for white light is defined as 
the ratio between the refractive index of the pigment and the resin. 
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Fig. 3. Spectra of erbia doped titania nanofibers[98]. 


Here, as in Eq. (7), for a fixed refractive index n the relationship of 
the particle size and wave length is linear. This means that for a par- 
ticular size, particles will scatter other wavelengths in the vicinity 
of the wave length of interest with almost the same efficiency as 
they would scatter the wavelength of interest itself. Also in practice 
it is not possible to regulate an exact particle size; a distribution of 
particle sizes with the mean equal to the required size is what one 
gets even from the best techniques. Therefore these distributions 
of particle sizes could effectively scatter the corresponding wave- 
lengths according to Eq. (7), resulting in a dampened spectral peak. 
This is a disadvantage of paints and coatings where particles are an 
intrinsic constituent. The effect of the absorption coefficient on the 
selectivity is straight forward. A frequency-dependent absorption 
coefficient with the peak at a required frequency will result in a 
peak emissivity at that frequency. There are many materials that 
have absorption peaks at different wave lengths. Rare earth metals 
can be used as selective emitters in the infrared region due to their 
high absorption in this region [97]. Commonly, these metals are 
used as composites by mixing with other materials such as ceramic 
or titania because of the unavailability of these metals. The problem 
with these composites is that at higher temperatures grey-body 
like emission from other constituents’ starts to dominate the rare 
earth metal’s selective emission (Figs. 3 and 4). For applications, 
which require peaks of various wavelengths the absorption peaks 
have to be tuned or shifted and the answer again falls in the nano 
scale. The thin coatings that use the interference phenomena for 
spectral selectivity have their thickness controlled depending on 
the refractive index of the film and the surroundings to obtain the 
required spectral peaks. A rapid change of refractive index with the 
frequency in the vicinity of the interested frequency will enhance 
the selectivity. Here a peak of the refractive index at the interested 
frequency is not a necessity. 

Nanosized metals and semiconductor particles show novel 
physical properties which are related to both classical and quan- 
tum size effects. Nano-composite materials consisting of metal 
or semiconductor particles embedded in various matrices have 
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Fig. 4. Spectra of erbia doped titania nanofibers (background spectra substracted). 


been of interest for a long time due to their tunable optical and 
physical properties. A large amount of research has been done 
on nanocomposite materials in which nanosized metal particles 
are embedded in insulators, while several investigations have also 
been carried out on metal particles embedded in a semiconduc- 
tor matrix. At a low concentration of nano metal particles, the 
properties of the composites are almost similar to the properties 
of the host matrix, either insulator (ceramic) or semiconductor 
(Si), while by increasing the metal content the properties start to 
deviate more and more from the host materials. At a certain con- 
centration of metal particles (known as the percolation limit) the 
composite properties start to show the properties of the bulk metal. 
This concentration range, where composite properties are changing 
from insulator/semiconductor properties to bulk metal properties, 
is known as the transition range. At this range, composites show 
some interesting optical properties such as peak absorptions at 
particular frequencies, and sudden step-up of the refractive index, 
which are not present in the bulk form of either material. These 
changes of optical properties, such as absorption resonance, can be 
qualitatively explained by resonant oscillations of surface charges 
in the electromagnetic field. The possibility of tuning the optical 
properties at this transition range to suit particular applications has 
attracted the interest of many researchers. As shown in the graph 
(Fig. 6) a peak of extinction coefficient at wavelength of 550nm 
has appeared in the composite of Au and amorphous carbon [99]. 
The peak starts to further develop and shifts slightly toward the 
higher wavelengths with the increase of metal concentration up 
to the percolation limit. Also a step in the refractive index can be 
seen from 500 to 700 nm (Fig. 5). This sudden increment of refrac- 
tive index can be utilized well to develop a thin coating with a 
sharp reflectance minimum in the vicinity of 600 nm, i.e. in between 
500 and 700nm. A nano composite made from Si-Ag with a co- 
sputtering technique shows a strong absorption peak at 610nm 
with 40% Ag nano particles [100]. In contrast this absorption peak 
widens and weakens at a concentration level of 26% in a composite 
made from step sputtering [101]. Also another composite made by 
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Fig. 6. Extinction coefficient variations of composite of Au and amorphous carbon. 


embedding the Ag particles in an amorphous Si matrix shows two 
absorption peaks at 350 nm and 700 nm with Ag concentration of 
40% [100]. These differences can be attributed to the different par- 
ticle sizes and different nano structures developed with different 
forming techniques. Different nano structures limit the mean free 
path of the conduction electrons, and the particle sizes affect the 
band structure. These two effects modify the optical properties. 
The Sheng Ping effective medium theory [102], with the modifi- 
cation to account for the mean free path limitations, can be used 
to describe qualitatively the measured absorption spectra. These 
effective medium theories are not capable of describing the per- 
colation phenomena, therefore they cannot be used to predict the 
outcome closer to the percolation threshold. 

Even though there are number of researches conducted in these 
metal particles and insulator/semiconductor compounds, all of 
them have targeted the same type of materials and forming tech- 
niques, therefore, not much significant knowledge has been added 
for the last 4-5 years. Even if some nano coatings could produce 
the desired optical properties, their applicability as a usable coat- 
ing in practice is subject to many other important properties. These 
coatings should have good adhesion for some suitable substrates, 
thermal stability and durability for the desired application. 


7. Conclusion 


With the increased significance of clean energy, researches 
are expanding their horizons to explore newer techniques that 
could produce electricity cleanly and effectively. The nano-scale 
antenna technique and conversion of the high-grade waste heat-to- 
electricity by thermophotovoltaics are such methods that require 
a significant modification of the radiation emitting from the source 
for a higher efficiency. From the various methods for altering 
the radiation properties from a surface, paints and coatings pos- 
sess a Clear advantage regarding the cost, ease of application and 
simplicity. However, some vital improvements need to be made 
for these innovations to obtain the required performances com- 
parable to existing conventional energy conversion techniques. 
With the perception of this requirement this review has presented 
vital information that would be highly beneficial in achieving the 
required level of performance. This paper comprehensively elab- 
orates the involved theoretical background, presents a general 
criterion for paint forming and describes the challenges and possi- 
ble methods for achieving the requisite tasks. 
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